This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain. 
This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.
Abstract: Large-sized industrial grade Zr55Cu30Ni5Al10 bulk metallic glass (BMG) was fabricated by a two-step arc-melting process and adding a trace of rare earth yttrium elements. A model to calculate critical cooling rate for forming BMG was established by considering the effect of pressure. Based on the model, the most important indicator, namely the critical size of forming BMG, for design and fabrication of BMG components by high pressure die casting (HPDC) is determined in consideration of different processing parameters, including the pressure and casting temperature. Theoretical calculation and numerical simulation indicated that increasing applied pressure during casting suppresses the nucleation of crystal nuclei but has little effect on the growth of nuclei at a deep supercooled temperature, thereby decreasing critical cooling rate and thus increase critical size. An increasing casting temperature would reduce critical size caused by more heat to dissipate. The critical size of the optimized Zr55Cu30Ni5Al10 BMG cast by using steel mold is determined to be about 4-7 mm under different HPDC parameters. Our study reveals that the forming ability of HPDC is large enough for fabricating low cost Zr-based BMGs with suitable size for applications.
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Introduction
Among all bulk metallic glasses (BMGs), multicomponent zirconium (Zr) based alloys have superior glass forming ability (GFA) and can form into bulk form with critical dimension up to several centimeters by copper mold casting (Inoue and Takeuchi, 2011) . Such sizes are big enough for applications as a structural material in many fields, such as sporting goods, ornamental parts and consumer electronics (Telford, 2004) . However, large-scale industrialization application is still facing challenges, including the high cost of raw materials and absence of equipment that can be used to fabricate BMG parts with complex shapes in large-scale. Therefore, intensive endeavor has been made on above two fields in the past decades. With regard to lowering the price for BMGs, Jiang et al. (2005) founded that low-cost Zr-based BMGs can be prepared with a low purity sponge zirconium by introducing a small amount of rare earth element. Cheng et al. (2005) provided an innovative approach to fabricate low-cost Zr-based BMG composites by precipitating crystal Zr in melt to alleviate the detrimental effect of oxygen impurities. Regarding the forming methods, it was reported by Inoue et al. 2015 that many approaches, such as thermoplastic forming and selective laser melting, have been developed in the past years. However, a major drawback in using these techniques to produce BMGs with bigger and complex parts is either too short processing time or inevitable crystallization in the prepared sample. High pressure die casting (HPDC), as a metal casting process in real industries, is widely used to produce aluminum, magnesium, and copper alloys components by forcing molten metals under high pressure into a mold at high velocity. In recent years, various endeavors have been made to adopt HPDC to fabricate BMG parts with complex shape for applications, due to its characteristics of near net shape forming and high production efficiency. Heinrich et al. (2012) reported that Zr58.5Cu15.6Ni12.8Al10.3Nb2.8 BMG with size of 5mm can be prepared by a horizontal vacuum cold-chamber die casting process. Ramasamy et al. 2016 found Fe-based bulk metallic glass key-shaped specimens can be fabricated by HPDC under Ar atmosphere. However, systematic study on the fabrication ability of HPDC for a certain composition is still absent.
As one of the most important indicators of the fabrication ability for a BMG or process method, the critical size has been studied extensively, and there exist a large number of data about the critical casting size of copper mold cast BMGs, such as 30mm for Zr55Cu30Ni5Al10 BMG (Yokoyama, et al., 2007) , 10mm for Cu46Zr42Al7Y5 BMG, and 10mm for Ti40Zr26Be28Fe6 BMG, etc (Qiao et al., 2016) . However, these data provide little guidance to evaluate fabrication ability or glass forming ability by HPDC, because the casting conditions in HPDC are substantially different from those for traditional copper mold casting in laboratory scale. For instance, the mold for HPDC is usually made of H13 steel in the consideration of high-temperature strength and durability. The steel mold has different thermal conductive properties compared to copper mold, thus leading to a significant difference in cooling capacity during casting. To predict the critical size of BMG by HPDC, one can start by comparing cooling rate during HPDC with the critical cooling rate (Rc) of BMG. Yet, the Rc of BMG fabricated by die casting cannot be precisely estimated using the present methods, such as the most common approach proposed by Uhlmann, 1972 , which was based on the theories of homogeneous nucleation and of crystal growth but without consideration of pressure.
In this work, low cost Zr55Cu30Ni5Al10 BMG was fabricated by a two-step arc-melting process by using industrial grade raw materials and adding a trace of rare earth yttrium elements. Uhlmann's model was modified to estimate the Rc of BMG farbricated under different pressures. By comparing the Rc and the cooling process of the Zr-based BMG castings with different diameters obtained by numerical simulations, the critical size of the Zr-based BMG by die casting under different pressure and casting temperature was determined to be 4-7mm. Besides, it was found that a high pressure in HPDC increases the critical size but with the increment extent up to 1mm, and the thermal conductivity of mold plays a great role in determining the critical size of BMGs. Therefore, it is expected the obtained results can providea guideline for designing and fabricating Zr-based BMG parts by HPDC for the industrial applications.
Experimental
Low purity sponge zirconium with a purity of 99.4% instead of high purity Zr was used to fabricate the low cost BMG for HPDC. The purity of the other elements Cu, Ni, Al and Y is 99.9%, 99.9%, 99.9%, and 99.9%, respectively. Ingots with nominal composition of (Zr55Cu30Ni5Al10)100-xYx (x = 0, 0.2, 0.6, 1, 2, 3; at.%) were prepared by a two-step arc-melting process in an arc furnace. Firstly, sponge zirconium was arc-melted into an ingot, and then, mixtures of the as-melted Zr ingot with other constituent elements were melted in a Ti-gettered high purity argon atmosphere. Each ingot was re-melted at least four times to ensure chemical homogeneity. Afterwards, samples in cylinder of 5mm in diameter and 70mm long were produced by suction casting the melt into a copper mold. For comparison, a Zr55Cu30Ni5Al10 sample was directly melted by mixtures of the sponge zirconium with other constituent elements. In this work, the sample fabricated directly by mixtures of the sponge zirconium with other constituent elements was indicated as "Zr55A", the sample prepared by two-step arc-melting process was denoted as "Zr55B", and the the samples with different yttrium contents were presented as "Zr55Yx", where "x" is the content of yttrium.
In order to determine the critical size of the optimized Zr55Cu30Ni5Al10 BMG by HPDC, firstly, a model, based on Uhlmann's method, was developed by taking pressure effect into account. Secondly, based on the above model, The glassy nature of bulk samples was examined by the X-ray diffraction (XRD, Brucker Advance D8) technique with Cu Kα radiation. Thermal analysis was performed using differential scanning calorimetry (DSC, Perkin Elmer STA8000 and DSC8000) with a flow of purified argon gas at a heating rate of 20 K/min. Fracture surface is observed by a Philips XL-30 FEG scanning electron microscope. In order to evaluate the mechanical properties of the as-fabricated bulk alloys, cylindrical specimens of 5 mm in diameter and 10 mm in length were tested in a universal testing machine (MTS testing system) under quasi static loading at a strain rate of 510 -4 s -1 , and a small strain gauge was used to calibrate and measure the strain during loading. and ZrCu phases, are found in the as-cast alloy (Fig.1a) . While for the Zr55Cu30Ni5Al10 alloy fabricated by the two-step arc-melting process (indicated as Zr55B), only several tiny diffraction peaks superimposed on the diffuse halo are visible, indicating that the sample consists primarily of amorphous phase with a small amount of crystalline ZrCu phase. The critical size (less 5mm) for BMG by using low purity raw materials here is far smaller than 25mm of BMG by using high purity zirconium by Yokoyama, et al. (2007) , it is ascribed to the impurities in sponge zirconium can act as nuclci-formation sites during solidification, thus decreasing the GFA.By adding the rare earth element Y, XRD patterns in Fig.1a show that broad humps can be seen in all of (Zr55Cu30Ni5Al10)100-XYx (x = 0, 0.2, 0.6, 1, 2, 3) alloys (presented as Zr55Yx, where x=0.2, 0.6, 1, 2, 3), but a few ''spikes'' can be detected in the pattern of Zr55Y3. This indicates that the GFA can be improved by adding rare earth element, but excess Y (x=3) would deteriorate GFA. This can be explained based on the thermodynamics. Deng et al. (2015) reported that alloy displays a signification increase from 78% to 96% by the two-step arc-melting process, then a full amorphous structure obtained for the Zr55BY0.2 by adding 0.2%
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Y in the two-step processed alloy. It is consistent with XRD results. Although the industrial grade raw materials are used in the present alloy, the minimum content of element Y to form an amorphous structure is far less than that in the reported BMG by Zhang et al. (2000) by directly smelted by mixtures of the sponge zirconium with other constituent elements. It is mainly ascribed to purification effect for the sponge zirconium by the two-step arc-melting process in the present case. Detail mechanism would be discussed in other place.
Figure 2a presents room-temperature uniaxial compressive engineering stress-strain curves of the cast alloy. Apparently, except for that the sample Zr55Y0.2 possesses a plasticity of 0.2%, no plasticity is found in other alloys. For the sample prepared by directly smelting by mixtures of sponge zirconium with other constituent elements, the alloy Zr55A displays strength of 1250MPa, which is far lower than that of the Zr55B alloy fabricated by the two-step arc-melting process. But the strength of Zr55B is still lower than that of Zr55Cu30Ni5Al10BMG by high pure raw material (i.e. 1830MPa) (Inoue et al., 2011 
Determination of critical cooling rate
Model
To determine the critical size of the alloy fabricated by HPDC, we should start with the critical cooling rate. There exist several methods to estimate the Rc. The most common method is adopting the model by Uhlmann (1972) to construct a TTT curve, which defines the time required at any temperature to produce a particular volume fraction of crystallization, x, typically in the order of 10 -6 . Each TTT curve has an extreme or nose due to the competition between the increase in driving force for crystallization and decrease in diffusion with increase undercooling. The Rc for glass formation is approximated by the linear cooling curve required just to touch the nose of each TTT curve. The time for a given volume fraction, x, to crystallize is shown by Davies et al. (1974) :
where 0 N is the number of single atom per unit volume; is the viscosity and k is Boltzmann's constant; ΔT=T-Tm is the undercooling, Tm is the melting point, and T is the absolute temperature in K; ΔTr and r T are the relative undercooling and relative temperature, respectively; R is ideal gas constant; f is the fraction of sites on the interface where atoms may preferentially be added and removed;
is the heat of fusion and a0 is a molecular diameter.
The Uhlmann's model is based on the classical theory of nucleation, the nucleation and growth barriers of nuclei are only dependent upon temperature, and the pressure during solidification has not been taken into account. Apparently, the model cannot described accurately the solidification process of HPDC, because the molten alloy often sustains a high pressure up to several hundred MPa to improve the product quality and productivity. According to the classical nucleation theory, crystal nucleation frequency I and growth rate u are both affected by pressure through the activation energy. Therefore, it is essential to consider the pressure effect in the model in order to estimate more accurate Rc of the BMG under cooling condition of HPDC.
It was reported that the activation energy for the formation of stable nuclei, ΔG*, can be expressed by Turnbull (1956) , where  and ΔG are the interfacial energy and free energy difference between the nuclei and liquid phase, respectively.
According to statement by Miller and Chadwick (1967) , the interfacial energy  is temperature-dependent, which can be written as,
, where  is a crystallographic parameter, A N is the Avogadro's constant, and M V is molar volume.
According to the Thompson's simplified equations (Johnson, 1986) , 
Herein, ΔV is the molar volume difference between the liquid and crystalline phases, and it decreases by about 1% after crystallization from amorphous phase, P is the applied pressure. Hence, the increment of nucleation energy caused by pressure effect is:
Besides, it is similar to the pressure effect on the activation energy for growth rate (Wang, et al., 2004) . The increment is:
As we known, the pressure can also affect the undercooling of melt metal according to the Clapeyron-Clausius equation (Kang et al., 2000) , (2004) found that the effect of pressure on the diffusion activation energy, Q, can be ignored as the pressure is often below 0.3 GPa in actual production process for HPDC, thus have little effect on viscosity.
Parameters in the modified model
The temperature dependence of viscosity is a key parameter for constructing Pa·s at temperature of Tg; the viscosity of the cast Zr-based BMG is equal to the viscosity of pure Zr at its melting point, Tm, and so on (Hng et al., 1996) . Virtually, the viscosity of supercooled liquid for the BMG is sensitive to temperature (Liu et al., 2015) . The calculated critical cooling rates by using the viscosity obtained by this method always display a large fluctuation. For example, Hng et al. (1996) found the computed critical cooling rate of a Zr66Ni26Al8 BMG changes from 0.81 K/s to 260 K/s by using the fitted viscosity obtained by using above different assumptions.
Therefore, it is essential to obtain the viscosity-temperature fitted data based on experimental measurements in order to obtain a more realistic estimation of the critical cooling rate to predict critical size of Zr55Y0.2 metallic glass by HPDC. The viscosity of Zr55Cu30Al10Ni5 supercooled liquid has been measured by using a penetration viscometer under at different heating rates by Yamasaki et al. (2006) .
Comparing to the large fluctuation by above various assumptions, here it is assumed that effect of 0.2% yttrium on the viscosity of Zr55Cu30Al10Ni5 BMG can be ignored.
Therefore, the viscosity used for calculating the TTT curve can be obtained by extrapolation method based on (Yamasaki et al., 2006) , thus can be given as: Miller and Chadwick (1967) . The pressure P effect on the undercooling is about 4.1×10 -2 K/MPa according to Eq. 4. The molar volume difference between the liquid and crystalline phases, V  , which is decreased by about 1% after crystallization from amorphous phase, is 1.1110 -7 m 3 /mol.
Using the above isothermal viscosity value and the measured and calculated data, the TTT curve of Zr55Y0.2 alloy can be established by using Eq. 1. As shown by the black line in Fig.3b , the TTT curve of Zr55Y0.2 alloy displays a typical nose shape at temperature near 850K. The critical cooling rate Rc is about 6.5K/s, which is computed using equation
, here Tn and tn are the temperature and time at nose point of the curve, respectively. However, Hng, et al. (1996) reported that the cooling rate required to form a metallic glass by TTT curve is overestimated. A more realistic estimation of Rc is to construct a continuous cooling transformation (CCT) curve by taking into account the transformation rate at each temperature during a constant cooling treatment. As seen from the CCT curve in red color in Fig. 3b , the time to a given degree of crystallization is longer and temperature to that is lower for Zr55Y0.2 alloy during continuous cooling compared with that in the TTT curves (black line in Fig. 3b ). The recalculated Rc is about 3.75K/s (Fig.3b) , which is close to that of 1.75 K/s for Vitreloy 106a and 10 K/s for Vitreloy 106 BMG (Evenson et al., 2010) .
In order to confirm the validity of result by the Uhlmann's model, the critical cooling rate of the Zr55Y0.2 is estimated directly from another method proposed by Barandiaran and Colmenero (1981) , in which Rc follows the relation:
, here b is a constant, TL are the liquidus temperature. The DSC curves of the alloy heated to 1373K and then cooled at different rates are shown in Fig. 3c , exhibiting the typical endothermic peak upon melting and the exothermic peak upon solidification. It can be found that the Txc, decreases with increasing of the cooling rate. The corresponding plot of ln(R) versus 1/(Txc −TL) 2 is shown in Fig. 3d , the Rc obtained from the intercept of fitted line in Fig. 3d is determined to be 3.5K/s, which agrees well with the Rc obtained by CCT curve (3.75K/s from Fig. 3b ). Based on the above experiment, we conclude that the calculated critical cooling rate of Zr55Y0.2 BMG is reliable and can be used to predict critical size of Zr55Y0.2 metallic glass by HPDC.
Pressure effect on Rc
In order to determine the effect of die casting pressure on Rc of Zr55Y0.2 BMG, the CCT curves under different pressures were constructed by using Eq. 5. As shown The intrinsic reasons of increasing GFA under pressure of die casting can be given based on the nucleation and growth behaviour of Zr55Y0.2 under different pressure. As exhibited in Fig.4b , the pressure can reduce both the maximum for nucleation rate and growth rate of Zr55Y0.2 alloy under a deep undercooling, which is consistent with the results calculated in works by Wang et al. (2004) and Han et al. (2012) . As we known, the Rc of BMG is mainly determined by stability of the melt during the range of "nose" temperature. Out of this range, either the nucleation rate or growth rate is too small so that the effect of nucleation and growth behavior on critical cooling rate of BMG can be ignored. In the present case, the magnified nucleation and growth rate in "nose" temperature range, i.e. 800-900K, is shown in the inset of Fig. 4b . The nucleation rate is obviously suppressed as the pressure increases, but the growth rate under various pressures has not significantly increased or decreased. According to model built by Uhlmann (1972) , hence, the time that forms a particular volume fraction (10 -6 ) of the crystalline phase increases with the increase of pressure in "nose" temperature range. Therefore, pressure could decrease the critical cooling rate of glass formation (Fig. 4b) , thus improve the forming ability of HPDC.
In general, the pressure in HPDC process would increase the nucleation rate, thus be used to refine grain of the alloy. In present case, nucleation rate decreases with increasing of pressure is ascribed the different material property at different temperature range. For traditional HPDC materials, such as aluminum alloy and magnesium alloy, the ability of undercooling is limited, crystallization would occur in the melt once the temperature of melt is 30-40K below the solidification temperature.
Actually, in this temperature range, this model also indicates that the nucleation rate increases with increasing of pressure, which has been verified by experimental and theoretical calculation results of Han et al. (2012) . While for Zr55Y0.2 alloy with high GFA at the temperature near "nose", as the degree of supercooling is far larger than traditional material, the effect of pressure on decreasing the atoms diffusion ability plays a dominant role (Wang et al., 2004) . As such, nucleation rate decreases with increasing of pressure, thereby leading to critical cooling rate decreases with increasing of pressures.
Critical size under different HPDC parameters
As a low-cost and time-efficient method, numerical simulation is efficient to study the solidification process and determine the cooling rate of the alloy during HPDC. The cooling rate of die casting in actual production process depends on a number of process variables such as cycle times, duration, water layout, casting geometry, as well as molten metal temperature. In order to simplify model, the cast cylindrical samples with diameters ranging from 4mm to 9mm were set to determine the critical size. The size of the mold was 300×300×100mm, the casting is located at the center of the mold. The filling process is not considered here. In the numerical simulations, the mold material was H13 steel as in real die casting production line, whose properties were extracted from the ProCAST software database. The thermal conductivity is obtained from (Yamasaki et al., 2005) , specific heat is achieved from (Kanomata et al., 2008) , and heat transfer coefficient (HTC) between the casting and die is given by Huang et al. (2013) . All the material properties of Zr55Y0.2 and processing parameters used in the simulations are shown in Table 1 . Figure 5a displays the temperature field of the castings during solidification with casting temperature of 1184K. As seen from the figure, the surface temperature of cylindrical castings increases with sample diameter (Fig. 5a) . Meanwhile, the temperature at the position close to pouring gate (point 3) is higher than that close to top of sample (point 1) due to the heating effect of large amount of melt in cross gate (Fig. 5a ). Once the minimum cooling rate in the sample is higher than critical cooling rate, the cast samples form a full amorphous structure. Therefore, the cooling rate of a sample is herein referred to the selected minimum cooling rate in the sample. The cooling curves of the castings with different diameters as well as the CCT curves for the Zr55Y0.2 alloy are shown in Fig. 5b . The cooling rate curve for the casting with 6mm diameter is tangent to the CCT curve of the alloy under the pressure of 0MPa.
This indicates that the critical size of the Zr55Y0.2 BMG by die casting is 6 mm under 0 MPa pressure. It was also exhibited that pressure would increase the critical size but the increment is as small as about 1mm when the pressure increases from 0MPa to 300MPa (Fig. 5b) . Furthermore, as the dashed line shown in Fig.5b , the critical size of purified Zr55Y0.2 BMG is determined to be 14mm when the H13 steel mold is replaced by copper mold, whose size is smaller to critical size of high pure Zr55Cu30Ni5Al10 BMG prepared by copper mold casting by Yokoyama, et al. (2007) .
The calculated cooling rates here seem like far smaller than that of traditional materials, such as aluminum and magnesium alloys. This is mainly ascribed to the reason as follows: on one hand, the casting temperature for present case is above 1184K, which is far higher than that of aluminium alloy or magnesium alloy (always below 973K). On the other hand, the cooling rate here is the minimum located at the center of sample, while the thermal conductivity of Zr55Cu30Al10Ni5 BMG (Yamasaki et al., 2005) is far smaller than that of aluminium alloy or magnesium alloy (only about 1/8), indicating the heat in the center of the sample is more difficult to be taken out, resulting a smaller cooling rate at this site. Actally, the cooling rate at the surface is as large as several hundreds K/s, suggesting that surface of sample can solidify to solid in several seconds like the traditional material.
In order to reveal the reasons why the critical size of Zr55Y0.2 BMG prepared by using copper mold is far larger than that by using the H13 mold, the heat transfer process of the castings with the two different mold materials was studied. The temperature fields of the different mold during solidification are displayed in the Figs. 6a-b. The average temperature of the castings by using H13 steel mold is higher than the one by using copper mold (Fig.6a-b) . Meanwhile, the temperature of H13 steel mold is higher than that of the copper mold, especially at position close to the interface of the casting and mold. The temperature variation vs time at the same position (point A and B in Fig.6a-b ) in the two different molds is displayed in Fig.6c .
As shown in Fig. 6c , the temperature in copper mold reaches quickly to the maximum of 360K and then decreases during solidification. While for the H13 steel mold, the temperature rise rate is smaller than that of copper, but its maximum temperature (~475 K) is larger than that of copper mold. This is attributed to the difference in thermal conductivity of mold materials used. As shown in Fig. 6d , the thermal conductivity of copper is about 10 times larger than that of the H13 steel, indicating that heat in the Zr55Y0.2 melt can be much more easily taken out by the copper mold.
Thus, the cooling rate of the BMG fabricated by copper mold is far larger than that by H13 steel (Shabadi et al., 2015) . Another reason for Zr55Y0.2 with a smaller critical size is the heating effect of the melt in cross gate, which is essential to ensure a steady flow of metal to mold cavity and to decrease impurity content in the casting (Fig.5a ).The heating effect of the melt in the cross gate would decrease the cooling rate of the castings (Huang et al., 2013 ).
Based on above discussions, the critical size of Zr55Y0.2 BMG is dependent on the intrinsic critical cooling rate of the glass-forming alloy and extrinsic cooling condition of the castings. For the critical cooling rate, it is determined by the difficulty in bypassing crystallization which can be inhibited by exerting the casting pressure.
For the cooling rate, it is affected not only by heat dissipating speed, i.e. thermal conductivity, but also by external heat input, i.e. casting temperature, which is also one of the most important process parameters during HPDC (Mao et al., 2010) .
During HPDC, the mold material generally remains unchanged. Therefore, the processing parameters, which can affect the critical size, is mainly the casting pressure and casting temperature. In order to give a guidance of the industrialized production of BMGs, the critical BMG sizes of Zr55Y0.2 BMG fabricated by HPDC under different pressure and casting temperature are calculated and demonstrated as a 3D contour figure shown in Fig. 7a . As displayed, the critical size decreases with increasing casting temperature, and the critical size decreases from 6mm to 4mm when the casting temperature increases from 1184K (liquidus temperature) to 1484K. This is agree well with Mao et al., (2010) that crystalline phases are precipitated in amorphous matrix as increasing the casting temperature idue to more heat is brought about into mold. The pressure could enhance the GFA and thus increase the critical casting size of BMG. However, the increment in critical casting size is very small, within 1mm, under the actual production pressure of below 200 MPa (Fig.7a) . In order to verify the critical size of Zr55Y0.2 BMG fabricated by die casting, a casting experiment was carried out by using a stair shape H13 steel mold. The melting temperature was well controlled in the experiments by applying the arc current of 250
A on each alloy ingot for about 5 second before quenching, ensuring that the casting temperature was close to the liquidus temperature. The XRD patterns of the Zr55Y0.2 alloys display that the sample in 5mm diameter can form a completely amorphous structure, while the NiZr2-type face centered cubic (fcc) structured crystal phases form in the samples with diameters of 7mm (Fig.7b) , which agrees well with the numerical simulation results (Fig. 7a) .
The great advantage of HPDC is its capability of fabricating near-net form complex geometries components with high dimensional accuracy and less defects.
Overall, the critical size of HPDC for Zr55Y0.2 BMG in the present case is large enough for some applications, such as, mobile telephone shell. The obtained results confirm that die casting is a feasible route for fabricating low cost Zr-based BMGs with suitable size for application. This work provides a guideline for designing and fabricating Zr-based BMG parts by die casting for the industrial production. It could be expected that the complex shape BMG parts fabricated by HPDC would be widely used in our daily life in the near future.
Conclusions
(1) Critical size of industrial grade Zr55Cu30Ni5Al10 BMG is improved by a two-step arc-melting process and adding a trace of rare earth yttrium elements.
(2) A modified model was developed to estimate the critical cooling rate of (Zr55Cu30Ni5Al10)99.8Y0.2 bulk metallic glass by considering the casting pressure effect.
Coupling the modified model and numerical simulation, the critical size of (Zr55Cu30Ni5Al10)99.8Y0.2 BMG prepared by H13 steel mold is predicted to be 4-7mm under different process parameters, which is successfully validated by the experimental test.
(3) A high pressure in die casting increases the critical size but the increment extent up to 1mm. An increasing casting temperature would reduce critical size caused by more heat to dissipate. Thermal conductivity of mold plays a critical role in determining the critical size of Zr55Cu30Ni5Al10 BMG fabricated by HPDC.
(4) HPDC is a feasible route for fabrication of low cost Zr-based BMGs with suitable size for application. 
